Streptococcus agalactiae cultures possess an aerobic pathway for glucose oxidation that is strongly inhibited by cyanide. The Glucose metabolism by streptococci generally has been regarded as fermentative, and, with the exception of certain strains of Streptococcus fiaecalis (11, 13) , the streptococci have not been noted for their oxidative capabilities. S. mastiditis, a Lancefield group B organism, was shown by Gunsalus and Wood (5) to possess dehydrogenases for a number of alcohols, with methylene blue as a hydrogen acceptor; Griesen and Gunsalus (4) studied an ethyl alcohol oxidizing system in S. mastiditis that used oxygen without hydrogen peroxide accumulation. Cultures of S. agalactiae consume oxygen at an appreciable rate with glucose as a substrate (10), and oxidative capabilities are enhanced when the cultures are grown with aeration. The proportion of the total flavin occurring as flavin adenine dinucleotide was also increased in cells that were grown under aeration. The respiration of the cell suspensions was strongly inhibited by cyanide. This report deals with some of the characteristics of the aerobic metabolism of glucose by S. agalactiae.
Received for publication 2 May 1967 Streptococcus agalactiae cultures possess an aerobic pathway for glucose oxidation that is strongly inhibited by cyanide. The products of glucose oxidation by aerobically grown cells of S. agalactiae 50 are lactic and acetic acids, acetylmethylcarbinol, and carbon dioxide. Glucose degradation products by aerobically grown cells, as percentage of glucose carbon, were 52 to 61 % lactic acid, 20 to 23% acetic acid, 5.5 to 6.5 % acetylmethylcarbinol, and 14 to 16% carbon dioxide There was no evidence for a pentose cycle or a tricarboxylic acid cycle. Crude cell-free extracts of S. agalactiae 50 possessed a strong reduced nicotinamide adenine dinucleotide (NADH2) oxidase that is also cyanide-sensitive. Dialysis or ultrafiltration of the crude, cell-free extract resulted in loss of NADH2 oxidase activity. Oxidase activity was restored to the inactive extract by addition of the ultrafiltrate or by addition of menadione or K3Fe(CN)6 . Noncytochrome iron-containing pigments were present in cell-free extracts of S. agalactiae. The possible participation of these pigments in the respiration of S. agalactiae is presently being studied.
Glucose metabolism by streptococci generally has been regarded as fermentative, and, with the exception of certain strains of Streptococcus fiaecalis (11, 13) , the streptococci have not been noted for their oxidative capabilities. S. mastiditis, a Lancefield group B organism, was shown by Gunsalus and Wood (5) to possess dehydrogenases for a number of alcohols, with methylene blue as a hydrogen acceptor; Griesen and Gunsalus (4) studied an ethyl alcohol oxidizing system in S. mastiditis that used oxygen without hydrogen peroxide accumulation. Cultures of S. agalactiae consume oxygen at an appreciable rate with glucose as a substrate (10) , and oxidative capabilities are enhanced when the cultures are grown with aeration. The proportion of the total flavin occurring as flavin adenine dinucleotide was also increased in cells that were grown under aeration. The respiration of the cell suspensions was strongly inhibited by cyanide. This report deals with some of the characteristics of the aerobic metabolism of glucose by S. agalactiae.
MATERIALS AND METHODS
Cultures. Seven cultures of S. agalactiae, 50, 80, 142, 356, 383, 660-1, and Cornell 48, were used. The latter was obtained from G. E. Morse, School of Veterinary Medicine, Univ. of Pennsylvania, Philadelphia. For a comparison culture, S. pyogenes Richards was used in some experiments.
Culture medium and growth conditions. The medium for growth of the organisms was composed of 1% yeast extract (Difco), 0.4% Casitone (Difco), 0.8% glucose, and 0.1 M phosphate buffer (pH 7.0). The phosphate buffer was sterilized separately as a 1 M solution and was added to the medium after autoclaving and cooling. Aerated cultures were incubated in 50 ml of medium in a loosely capped 125-ml Erlenmeyer flask on a New Brunswick gyrotary model S-3 shaker, operated at 120 rev/min. Nonaerated cultures were treated identically except that they were not shaken. For cell-free extracts, cultures were grown on a shaker in 250 ml of medium in 1-liter flasks. All cultures were incubated at 37 C for 10 to 15 hr. The cells were harvested by centrifugation, washed once with distilled water, and used immediately or stored at -60 C. No appreciable loss in respiratory activity resulted from storage for 2 to 3 weeks. Endogenous respiration was never greater than 5 to 6 ,,liters of 02 per mg (dry weight) of cells per hr.
Cell-free extracts. Cells harvested from shaker cultures were washed once with 0.02 M NaHCO3, mixed with an equal weight of Alumina 305 (Alcoa Co., Pittsburgh, Pa.), and frozen at -60 C on a piece of glassine paper. Active extracts were obtained from cells held for several weeks at -60 C. The frozen cellAlumina mixture was placed in a chilled mortar in an ice bath and was ground for no longer than 5 min. The ground mixture was transferred to a centrifuge tube by successive additions of cold 0.05 M phosphate buffer (pH 7.5), with 1 ml for each 50 to 60 mg (dry weight) of cells. The cellular debris and Alumina were sedimented by centrifugation at 20,000 X g in a Servall centrifuge. The extract was held in an ice bath during use or, when stored, was held at -60 C for as long as 3 weeks and still remained active. Extracts were dialyzed or ultrafiltered in Visking 184 tubing (8 mm Fig. 2 .
When cell suspensions of S. agalactiae 50 were allowed to degrade glucose aerobically, the products were lactic and acetic acids, acetylmethylcarbinol, and carbon dioxide. Sometimes traces of pyruvic acid were found, but always accounting for less than 1% of the carbon of the substrate used. About 52 to 61% of the glucose carbon was found as lactic acid, 20 to 23% as acetic acid, 5.5 to 6.5% as acetylmethylcarbinol, and 14 to 16% as carbon dioxide (Table 1) .
When pyruvate was the substrate, the products of degradation were lactic and acetic acid, acetylmethylcarbinol, and carbon dioxide (Table 1) . About 16% of the pyruvate carbon was found as lactic acid, 41% as acetic acid, 8.5% as acetylmethylcarbinol, and 30% as carbon dioxide.
There was no oxygen consumed by cell suspensions on any of the tricarboxylic acid cycle compounds, except pyruvate and oxalacetate. Acetate was not attacked.
To assess the possible existence of a pentose pathway, S. agalactiae 50 cells were allowed to oxidize glucose-1-14C and glucose-6-14C in the presence of 38.3 ,moles of unlabeled glucose. The carbon dioxide was collected and assayed for radioactivity. Oxygen consumption values (21.2 and 21.0 ,umoles for glucose labeled at 1 and 6 carbons, respectively) were identical to that of an unlabeled glucose control (21.8 .smoles). Lactic acid and carbon dioxide production were determined in the control (50.0 and 27.3 Mimoles, respectively), and the results were similar to those in Table 1 . There was insignificant labeling in the carbon dioxide from either of the labeled sugars ( Table 2) ; 90% of the labeled carbon with glucose- 1-'4C and 76% of the labeled carbon from glucose-6-"4C were found in the cell supernatant fluid containing lactic and acetic acids. The remainder of the label was found in the cells, giving recoveries of 102 and 90% of the labeled materials, respectively. Cell-free extracts of S. agalactiae 50-crude extract. Crude (undialyzed), cell-free extracts had a strong NADH2 oxidase activity with oxygen as the electron acceptor. The oxidase was inhibited strongly by 0.001 M cyanide, about 15% by amytal, and 30% by antimycin A (Fig. 2a) . Sodium azide was required in higher concentration than cyanide; 0.005 M caused a 65% inhibition of NADH2 oxidase activity in cell-free extracts. Manometric experiments with NADH2 as substrate showed 0.5 mole of oxygen consumed for each mole of NADH2 (Table 3) . Hydrogen peroxide was not found as a product of the reac- The cell extracts showed a strong absorption at 420 m, (Fig. 3) . However, there was no evidence that this absorption was due to cytochromes, because there was no appearance of reduced cytochrome bands in the region of 530 to 560 mA when sodium hydrosulfite was added. Furthermore, dense cell suspensions were examined with a spectroscope and a strong light source, and no cytochrome absorption bands were found. Under the same conditions, the absorption bands at 532 and 555 mA could be seen in suspensions of baker's yeast and an unidentified pseudomonad.
Dialyzed cell-free extracts. When the crude extract was dialyzed for 48 hr against 0.05 M phosphate, the NADH2 oxidase activity was lost. The oxidase activity could be restored to 50 to 80% of its original level by the addition of exogenous electron acceptors such as menadione or K3Fe-(CN)6, but not with hydrogen peroxide (Fig. 4) .
A crude extract upon dialysis were necessary for linking electron transport to oxygen. The NADH2 oxidase activity of crude bacterial extracts could also be reduced by ultrafiltration. Activity was restored by addition of the ultrafiltrate to the inactivated enzyme, with restoration of NADH2 oxidase activity equal to the level of that obtained with 0.4 ,umole of menadione or K3Fe(CN)6 (Fig.  5) . Cyanide inhibited the NADH2 oxidation that was restored by addition of the ultrafiltrate.
Two enzymes of the glycolytic cycle were measured in dialyzed cell-free extracts of S. agalactiae 50. In crude extracts, their activity was obscured by the strong NADH2 oxidase, and they could not be assayed spectrophotometrically. When the NADH2 oxidase was reduced by dialysis of the extract, the addition of pyruvate resulted in a rapid oxidation of NADH2 (Fig. 6A) . The disappearance of pyruvate and formation of lactic acid by lactic dehydrogenase were confirmed by analysis of the contents of the cuvette. NAD was Attempts to demonstrate the reduction of flavin as the first step in NADH2 oxidation by crude cell-free extracts were made with amytal, antimycin A, and cyanide as inhibitors. Results of such an experiment are shown in Fig. 7 . DISCussIoN r Except for S. faecalis, the oxidative metabolism of streptococci has received little attention. The finding of an active respiratory pathway in S. agalactiae that was inhibited by cyanide was unexpected since cytochrome-cytochrome oxidase terminal respiration has not been reported in the streptococci. Dolin (2, 3) has shown that NADH2 oxidation in S. faecalis is the result of the activity of two enzymes, a flavoprotein NADH2 oxidase and a flavoprotein peroxidase. This system allowed electron transport to oxygen without hydrogen peroxide accumulation and was not inhibited by cyanide.
With purified enzyme preparations from S. faecalis, Dolin (3) reported that NADH2 oxidation proceeded about 1/200th as fast in oxygensaturated solutions as in the presence of hydrogen peroxide. The rate of NADH2 oxidation by crude cell-free extracts of S. agalactiae was unchanged by the addition of hydrogen peroxide. If it was a peroxidatic system, one might expect an increase in rate when the natural electron acceptor was supplied in excess. NADH2 oxidase in a cell-free (10) . The activity was not strong, and evidence that it functions in the NADH2 oxidase of cell-free extracts is inconclusive.
In view of these observations, it appears unlikely that the NADH2 oxidase in extracts of S. agalactiae is similar to the oxidase-peroxidase system of S. faecalis.
The inhibition of respiration of glucose by cel suspensions of S. agalactiae and the inhibition of NADH2 oxidation in cell-free extracts by cyanide suggests that a metallocomponent is involved in electron transport to oxygen. The absorption at 420 m, by cell-free extracts suggests the presence of an iron-containing chromophore. Under certain conditions of growth, a brownish-red pigment was produced by S. agalactiae 50. The pigment was partially extractable with water or phosphate buffer at neutral or slightly alkaline reactions. Upon dialysis, the cell-free extracts lost some of the brownish color. It may be one of the components responsible for loss of NADH2 oxidase activity in the dialyzed cell-free extracts.
There was no labeling of the carbon dioxide formed when cell suspensions degraded glucose labeled in the 1 and 6 carbons.
The absence of a pentose pathway and the presence of lactic and triosephosphate dehydrogenase suggest a classical fermentative pathway of glucose degradation to pyruvate. NADH2 oxidase, by removing the reductant (electron donor) for the lactic dehydrogenase reaction, leaves pyruvate to be oxidized to acetic acid and carbon dioxide. Lactic acid, acetic acid, acetylmethylcarbinol, and carbon dioxide accounted for all of the carbon of the glucose that was degraded by cell suspensions of S. agalactiae under aerobic conditions. If the degradation proceeds as proposed, there should be 1 mole of oxygen consumed for each mole of acetic acid and carbon dioxide formed. When 2 moles of carbon dioxide were subtracted from the total carbon dioxide for each mole of acetylmethylcarbinol formed, the number of micromoles of oxygen consumed and of acetic acid and carbon dioxide formed with the glucose substrate (Table 1) were 23, 27.4, 26.1, respectively, in one experiment and 23.4, 27.4, 27.8, respectively, in the other. When 0.001 M KCN was present to inhibit oxidation, the degradation was diverted from an oxidative to a fermentative one, and more of the glucose degraded was recovered as lactic acid (10) .
When pyruvate is the substrate, there should be one-half mole of oxygen consumed for each mole of pyruvate oxidized to acetic acid and carbon dioxide. When the pyruvic acid converted to lactic acid and acetylmethylcarbinol was subtracted from the total pyruvic acid used and when the carbon dioxide value was corrected for carbon dioxide arising through the formation of acetylmethylcarbinol, the molar ratio between oxygen and pyruvate consumed and products formed was 25.4 pyruvate, 9.2 oxygen, 21.8 acetate, and 26.9 carbon dioxide (Table 1) .
The agreement between oxygen consumed and products formed, though not exact, leaves little doubt that the aerobic degradation of glucose and pyruvate occurs as suggested. The data from fermentation analyses suggest that the oxidative metabolism is not a major energy pathway for this organism. Evidence for a Krebs' cycle or pentose cycle is lacking. There is about 0.5 mole of oxygen consu.med in converting 1 mole of pyruvate to acetic acid and to carbon dioxide when correction is applied for the carbon dioxide equivalent to the acetylmethylcarbinol which is formed. The oxygen to acetic acid to carbon dioxide ratios for the two glucose experiments of S. pyogenes cultures had only a slow respiration that was unchanged whether or not the cells were grown with aeration, and their respiration was not inhibited by cyanide (10) . The NADH2 oxidase in crude cell-free extracts of S. pyogenes was only about 0.1 as active as that of S. agalactiae, and it was also insensitive to cyanide.
The function of the iron-containing compounds in the respiration of S. agalactiae is under study.
